Liquid-phase aerobic oxidation of benzyl alcohol catalyzed by mechanochemically synthesized manganese oxide by Mohammad Ilyas et al.
   
 
© The Author(s) 2013. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 
                      
*Corresponding author (email: mohilyas52@yahoo.com) 
Article 
Physical Chemistry July 2013  Vol.58  No.19: 23542359 
 doi: 10.1007/s11434-013-5833-z 
Liquid-phase aerobic oxidation of benzyl alcohol catalyzed by 
mechanochemically synthesized manganese oxide 
ILYAS Mohammad1*, SIDDIQUE Mohsin1 & SAEED Muhammad1,2 
1 National Centre of Excellence in Physical Chemistry, University of Peshawar, KPK 2500, Pakistan; 
2 Department of Chemistry, Government College University, Faisalabad, Pakistan 
Received June 25, 2012; accepted October 8, 2012; published online May 20, 2013 
 
Benzyl alcohol oxidation by molecular oxygen using solid manganese oxide as a catalyst and n-heptane as the solvent was studied 
in the liquid phase. The catalyst was synthesized by a simple mechanochemical process at room temperature and was charac- 
terized by different physical methods. The catalyst was highly active and 100% selective for benzyl alcohol conversion to benzal-
dehyde. The solid catalyst can be recovered from the reaction mixture by simple filtration and can be re-used. We found n-heptane 
to be an excellent solvent for the oxidation reaction, and that the catalyst did not leach into solution. 
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Catalytic oxidation of alcohols to the corresponding car-
bonyl compounds is of great importance to the scientific 
community and to industry throughout the world because 
these carbonyl compounds serve as versatile intermediates 
for the synthesis of many chemicals [1,2]. Conventional 
inorganic oxidants such as permanganates and dichromates, 
however, are dangerous and create a great quantity of waste 
[3–5]. Recovery and disposal of this waste tends to increase 
the number of steps in the overall chemical cycle. 
Therefore, there is an emerging need for such catalytic 
systems to use greener oxidants such as molecular oxygen 
and to employ low temperatures and pressures that are close 
to ambient conditions. The relevant literature holds a num-
ber of reports that list molecular oxygen as the primary  
oxidant [6–9], while water is considered to be the best sol-
vent [10]. However, our previous studies have shown that 
the use of water leads to overoxidation of alcohols to pro-
duce carboxylic acids rather than aldehydes. In such cases, 
the use of dry conditions with organic solvents is the best 
choice. 
Manganese oxide, a nonprecious metal oxide, has been 
used as an oxidation catalyst in several chemical processes. 
The catalytic properties of manganese oxide depend on the 
preparation conditions, the surface structure, oxidation state, 
surface area, size distribution and the morphology of the 
particles. Many synthetic routes have been used to prepare 
manganese oxide, including the sol-gel route, pulsed laser 
deposition, gel hydrothermal oxidation, oxidation-reduction, 
homogenous precipitation, cobalt salt decomposition, a 
staged oxidation process, and a mechanochemical process. 
The mechanochemical process is suitable for large-scale 
synthesis because of its simplicity and low cost [11]; man-
ganese oxide can be obtained by solid-state displacement 
reaction, either by simple milling or by milling followed by 
heat treatment.  
The main objective of the present work was to investi-
gate the catalytic activity of manganese oxide, prepared 
using the solid-state mechanochemical process, for the oxi-
dation of primary alcohols. For this study, we chose the 
conversion of benzyl alcohol to benzaldehyde and benzoic 
acid as the model oxidation reaction. 
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1  Experimental 
1.1  Materials 
Benzyl alcohol (Scharlau, Spain), n-heptane (Acros, USA), 
manganese chloride (Acros), and potassium permanganate 
(Merck, Germany) were used as received. Molecular oxy-
gen and nitrogen were provided by BOC Pakistan and were 
further purified by passing through standard traps (CRS) to 
remove trace amounts of water and oils. Specific oxygen 
traps (CRS) were used to remove any oxygen present in the 
nitrogen. 
1.2  Catalyst preparation 
The required quantity of solid Mn(II) salt (i.e., manganese 
nitrate or manganese chloride) was mixed and ground with 
the desired amount of solid potassium permanganate salt in 
a fixed ratio of 2:3 using a mortar and pestle. The proce-
dure was conducted in a fume cupboard at room tempera-
ture until the color of the mixture become homogeneous. 
The grayish black semisolid was then heated at 100°C for a 
few hours to complete the reaction between the components 
and a solid mass was formed. The solid was washed exten-
sively with distilled water and then dried in a desiccator at 
80°C for 24 h. The final product was a black powder of 
manganese oxide [11]. This manganese oxide was calcined 
at 300°C in a Nabertherm programmable furnace that used a 
temperature rise of 5°C/min; the temperature was held at 
300°C for 2 h. 
1.3  Characterization 
Grain size distributions were determined for wet sample 
dispersions using an Analysette 22 compact particle sizer 
(Fritsch, Germany). BET and surface area analysis of the 
catalyst was conducted using a NOVA 1200e surface area 
and pore size analyzer (Quantachrome). Before analysis, the 
catalyst was degassed at 383 K for 2 h to remove volatiles 
that were adsorbed onto the catalyst surface. X-Ray diffrac-
tion (XRD) patterns were determined using a JEOL 
JDX-3532 X-ray diffractometer (JEOL, Japan). Data were 
acquired using Cu Kα radiation with a tube voltage of 40 
kV at 20 mA, with a 2θ range of 0°–70°. FT-IR spectra 
were recorded on KBr disks using an IR Prestige 21 spec-
trophotometer (Shimadzu, Japan) with a wavenumber range 
of 400–4000 cm−1. 
1.4  Oxidation protocol 
Oxidation reactions of benzyl alcohol in the liquid phase 
were carried out in a 50-mL three-neck round-bottom flask 
with magnetic stirring. The flask was fitted with a reflux 
condenser and a thermometer to determine the reaction 
temperature. Heating for the reaction was provided by a hot 
plate. Benzyl alcohol (2 mmol) in 10 mL of n-heptane was 
added to the reaction flask. After reaching the required 
temperature (343 K), 0.1 g of catalyst was added to the flask. 
Oxygen was passed  through the reaction mixture at a flow 
rate 60 mL/min, while the mixture was stirred with an agita-
tion speed of 950 r/min. 
Any moisture in the supplied oxygen was removed by 
moisture traps. We have noted previously that the selectivi-
ty of reaction products can change if the oxygen contains 
moisture; we found that undried oxygen allows the for-
mation of benzoic acid together with benzaldehyde, even at 
the beginning of the reaction. In the case of dry conditions, 
only benzaldehyde was detected as the reaction product. 
Before entering the reactor, the oxygen was saturated with 
n-heptane by passing it through a saturator containing sol-
vent at the reaction temperature. This saturation of oxygen 
with solvent minimizes the loss of solvent with flow of ox-
ygen from the reaction mixture. The catalyst was separated 
from the reaction mixture with a Whatman Glass microfiber 
filter using a glass syringe. 
For reaction at various partial pressures of oxygen, ni-
trogen was admixed with oxygen. The total flow rate for 
these experiments was also maintained at 60 mL/min. 
Analysis of the reaction mixture was conducted by GC 
(Clarus 500, Perkin Elmer, USA) equipped with FID. Ben-
zyl alcohol, benzaldehyde, and benzoic acid were easily 
separated by on an Elite-5 GC column (N9316076, Perkin 
Elmer). UV-visible spectrophotometry (UV-160A, Shi-
madzu) was also used for benzaldehyde estimation and 
comparison of the results. 
2  Results and discussion 
2.1  Particle size distribution 
The particle size of the prepared catalyst was in the range of 
3–10 μm. 
2.2  Surface area and pore size analysis 
The nitrogen adsorption isotherm for the catalyst was ob-
tained by plotting the volume of nitrogen adsorbed against 
the relative pressure (P/P0). The BET surface area was 
found to be 72.5 m2/g, while BJH pore radius and pore 
volume was determined to be  45.0 Å and 0.266 cm3/g 
respectively. 
2.3  XRD analysis 
The XRD patterns of different manganese oxides catalysts 
are shown in Figure 1. In the XRD pattern of the prepared 
catalyst, peaks at 2θ = 12.7°, 25.2°, 35.1°, 40.7°, and 58.85° 
are apparent and show the crystalline nature of the catalyst. 
Among the peaks, those at 2θ = 12.7° and 25.2° are as-
signed to s-MnO2. These peaks are very weak, suggesting 
that this phase is not present in our catalyst in significant  
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Figure 1  XRD of fresh (a) and used (b) catalysts. 
quantity. The peaks at 2θ = 35.1°, 40.7°, and 58.9° are as-
signed to MnO [12]. In comparing the XRD data of the 
prepared catalyst with reported data, it was concluded that 
the catalyst is a mixture of MnO in nature. Based on the 
XRD data, it was concluded that the catalytic activities of 
the manganese oxide are due to the presence of hydrated 
MnO. The crystal size of the catalyst used for oxidation of 
benzyl alcohol was calculated using Scherer’s equation [13] 
and was found to be 3.84 nm. 
2.4  FT-IR spectra 
Figure 2 shows the FT-IR spectra of different catalysts. 
Absorption bands are observed in the ranges 3300–3500, 
1500–1700, 1000–1100, and 500–600 cm−1. The 3300–3500 
cm−1 bands are assigned to O−H stretching vibrations; the 
bands observed between 1100 and 1600 cm−1 are most usu-
ally assigned to O−H bending vibrations for groups joined 
to manganese. Similarly, the bands in region 500–900 cm−1 
are assigned to Mn−O vibrations. The IR spectrum suggests 
the existence of some interstitial bound water in the catalyst. 
The spectrum of the fresh catalyst suggests that it is mainly 




Figure 2  FT-IR spectra of fresh (a), once-used (b) and twice-used (c) 
catalysts. 
and 816 cm−1. The broad peak at 3200–3500 cm−1 was as-
signed to the stretching vibration of H2O and the hydroxyl 
group in the lattice. The peak near 1600 cm−1 in the fresh 
catalyst (Figure 2(a)) was assigned to the bending vibration 
of water and OH, which suggests that hydroxyl group is 
present in the prepared catalyst. The spectra of used cata-
lysts (Figure 2(b) and (c)) show bands at 1592 cm−1, which 
may be due to MnH2 with H derived from benzyl alcohol 
[14–21]. 
2.5  Scanning electron microscopy 
A scanning electron micrograph (SEM) of the catalyst is 
shown in Figure 3. Similar morphology has been observed 
for plate-like layered manganese oxide catalysts [22–24]; 
however, the larger surface area in these studies was proba-
bly caused by the presence of pillared material (e.g., alumi-
na, lithium). The presence of pillared material creates a 
larger interlayer distance and results in pores having the 
form of parallel plates. 
Figure 3 suggests that the particle size of the catalyst is 
of the order of a micron, while XRD data suggests particle 
size of the order of a nanometer. The average crystallite size 
is calculated by Scherrer equation based on XRD data, 
while the SEM image shows the size of particles that are 
aggregates of several crystallites. 
2.6  Leaching of the catalyst 
Catalyst leaching is known to be a problem in liquid-phase 
catalytic reactions. We performed a simple experiment to 
determine whether catalyst leaching occurred in our system. 
n-Heptane was stirred with catalyst in a flask under the 
same experimental conditions (70°C for 2 h, constant oxy-
gen flow). After 2 h, the catalyst was removed from the 
reaction mixture and the benzyl alcohol substrate was added. 
The reaction mixture was stirred for a further 2 h, after 
which no oxidation products were detected by GC (FID) or 
UV-visible spectrophotometry. This confirmed the absence 




Figure 3  SEM image of prepared catalyst. 
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2.7  Catalyst loading 
The effect of catalyst load on the progress of the benzyl al-
cohol oxidation was monitored over the range 0.03–0.12 g, 
keeping all other parameters of temperature and pressure 
constant. Figure 4 shows that the conversion of benzyl al-
cohol increases with catalyst loading, although the increase 
is nonlinear. Full conversion (100%) was achieved at load-
ings of 0.15 g and higher. 
2.8  Life span of catalyst 
To investigate catalyst reuse, the used catalyst was collected 
from the reaction and was washed several times in an etha-
nol-water mixture. The washed catalyst was then reused. 
We found that used MnO had the same catalytic perfor-
mance as fresh catalyst, as shown in Figure 5. These results 
confirm the high effectiveness of the current process for 
easy and convenient oxidation of benzyl alcohol by an easi-
ly removed and reusable manganese catalyst. 
2.9  Time profile investigation 




Figure 4  Effect of catalyst loading on oxidation of benzyl alcohol. Initial 
concentration of benzyl alcohol: 0.2 mol/L in n- heptane, volume: 10 mL, 
temperature 343 K, oxygen pressure 1 atm (1 atm = 1.013×105 Pa), 950 
r/min, 90 min. 
 
Figure 5  Life span of catalyst for the oxidation of benzyl alcohol. Initial 
concentration of benzyl alcohol: 0.2 mol/L in n-heptane, volume: 10 mL, 
temperature 343 K, oxygen pressure 1 atm, 950 r/min, 90 min.  
conversion of benzyl alcohol to benzaldehyde over time. 
The time profile investigation of benzyl alcohol oxidation 
was monitored continuously. The time profile study was 
carried out at 343 K. In the early part of the reaction, only 
benzaldehyde was detected as the reaction product. As the 
conversion of benzyl alcohol to benzaldehyde neared com-
pletion (~95%), formation of benzoic acid was detected. 
This shows the consecutive nature of the reaction. Figure 6 
shows the time profile of the reaction. Formation of benzoic 
acid was only detected at the beginning of the oxidation 
process when oxygen was not dried by passing it through a 
silica moisture trap. We concluded that dry conditions are 
necessary to control the selectivity of the product distribu-
tion. Figure 7 shows the time profile for benzyl alcohol ox-
idation at various temperatures in range 313–343 K, with all 
other experiment conditions remaining unchanged. 
2.10  Effect of oxygen partial pressure 
The effect of oxygen partial pressure on benzyl alcohol ox-
idation was investigated over the range 33–101 kPa with a 
constant initial concentration of 0.2 mol/L benzyl alcohol at 
70°C. The results in Figure 8 show that the conversion of 
benzyl alcohol increases with increasing oxygen partial  
 
 
Figure 6  Time profile for conversion of benzyl alcohol (BzOH) to ben-
zaldehyde (BzH) and benzoic acid (BzOOH) at 343 K. Initial concentration 
of benzyl alcohol: 0.2 mol/L in n-heptane, volume: 10 mL, oxygen pres-
sure 1 atm, 950 r/min, 90 min. 
 
Figure 7  Effect of temperature on the conversion benzyl alcohol. Initial 
concentration of benzyl alcohol: 0.2 mol/L in n-heptane, volume: 10 mL, 
oxygen pressure 1 atm, 950 r/min, 90 min. 
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Table 1  Comparison of catalysts: Liquid-phase oxidation of benzyl alcohol using molecular oxygen as oxidant catalyzed by manganese-containing catalysts 
Catalyst Amount (mg) BzOH (mmol) Solvent (volume, mL) Temperature (K) Conversion (%) References 
MnOx (110) 50 1 Toluene (10) 383 72 [16] 
K(2)Mn(1)/C 200 2 Toluene (10) 373 92 [25] 
K(1)Mn(1)/γAl2O3 200 2 Toluene (10) 373 42 [26] 




Figure 8  Effect of partial pressure of oxygen on the reaction of benzyl 
alcohol at 343 K. Initial concentration of benzyl alcohol: 0.2 mol/L in n- 
heptane, volume: 10 mL, 950 r/min, 90 min. 
pressures. 
The conversion of benzyl alcohol was reduced from 96% 
to 23% when the partial pressure of oxygen was reduced 
from 101 to 34 kPa. The low conversion in the presence of 
nitrogen could be due to oxygen from the lattice taking part 
in the reaction [18]. This apparent reduction of manganese 
oxide could be limited to a few surface layers because no 
difference in the XRD patterns of the unused and used cat-
alyst was observed (Figure 2). 
2.11  Comparison of laboratory-prepared and  
commercial manganese oxide 
The activity of our laboratory-prepared catalyst was com-
pared with commercially available manganese oxide cata-
lyst. The results show that our laboratory-prepared catalyst 
was superior to the commercial catalyst (Figure 9). 
  
 
Figure 9  Comparison of laboratory-prepared and commercial catalyst. 
Initial concentration of benzyl alcohol: 0.2 mol/L in n-heptane, volume:  
10 mL, temperature 343 K, oxygen pressure 1 atm, 950 r/min, 90 min. 
Table 2  Comparison of catalyst activity between batches 
Batch number Conversion (%) Time (min) 
1 96 90 
2 97 90 
3 96 90 
 
2.12  Comparison with other catalysts 
Comparison of the activity of the present catalyst with other 
manganese-containing catalysts (Table 1) shows that the 
present catalyst is highly active and superior for benzyl al-
cohol conversion to benzaldehyde. 
2.13  Batch analysis 
To determine the reproducibility of our catalyst preparation, 
three batches of catalyst were prepared and tested for activ-
ity in benzyl alcohol oxidation. The results shown in Table 
2 show no significant difference between batches. 
3  Conclusions 
Manganese oxide was prepared by a simple mechanochem-
ical process in the solid state and was used as catalyst for 
the oxidation of benzyl alcohol. The synthesized manganese 
oxide was characterized as having an octahedral layer 
structure. The catalyzed oxidation of benzyl alcohol was 
carried out in n-heptane solvent over a temperature range 
313–343 K and with the partial pressure of oxygen ranging 
between 34 and 101 kPa. The prepared catalyst showed re-
markable catalytic activity for oxidation of benzyl alcohol 
under relatively mild conditions. The prepared manganese 
oxide was found to be an effective, reusable, and easily 
separated heterogeneous catalyst for oxidation of benzyl 
alcohol. 
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